If the maximum annual peak flow series are a mixture of summer and winter flows, a seasonal approach to flood frequency analysis is necessary. While considering seasonal maxima as mutually independent events, the annual maxima distribution is defined as the product of seasonal distributions. However, if the independency assumption does not hold, a bivariate approach with dependent margins should be applied, i.e. the copula approach. The impact of dependency on design quantiles is investigated here in the context of the Fréchet-Hoeffding inequality defining copula bounds and the definition of dependency. The results of the two approaches are compared using six catchments in the San River basin, where in four cases the dependency of seasonal maxima has been identified as positive significant and no strong dominance of any one season is observed. The product model leads to higher estimates of design quantiles than do models where the dependency is taken into account and, therefore, is safe.
Introduction
Engineering design of any structure exposed to, or protecting against, the detrimental effects of high water requires an evaluation of the risk associated with peak flows at the planned structure's site. Customarily, flood risk is estimated using the upper quantiles of the annual flow maxima distribution. The upper quantiles of annual maxima distribution are used in engineering design of hydraulic structures, embankments, bridges or culverts, flood mitigation strategies and civil protection policies. The hydrological regime in some regions results in annual maxima series composed of both winter (mostly snowmelt origin) and summer (rainfall origin) flood peak flows. This mixture of winter and summer peaks violates the genetic homogeneity of annual maxima and thus requires a seasonal approach (Strupczewski 1965 , Ozga-Zielińska et al. 2005 .
The classical model of annual maxima distribution in the seasonal approach is defined as the product of seasonal distributions under the assumption of independence between seasonal peak flow series. Thus, the cumulative distribution of annual maxima, X = max (W, S), is given by:
where F W (x) and F S (x) are cumulative distributions of winter (W) and summer (S) maximum peak flows. Flood frequency analysis based on the annual cumulative distribution, given by the product of the seasonal distribution functions (Equation (1)), can be used to support the design of river engineering works and flood mitigation procedures .
In particular, in Poland the seasonal maxima approach is considered as most suitable for a catchment with a mixed regime of flood generation. According to the rules of hydrological data processing introduced by the Polish Hydrological Service, a water year runs from November 1 to October 31 and is divided into two seasons with fixed dates for the beginning and the end: the winter season from November 1 to April 30 and the summer season from May 1 to October 31. However, the independency of seasonal floods is only an assumption which in some cases does not hold. This problem has been repeatedly noted by practitioners asking whether the product model can be used in the case of dependency of seasonal maxima when the bivariate approach with dependent margins should be applied.
The idealized course of an annual hydrograph with two distant and well-accentuated peaks leading to the seasonal model (Equation (1)) occurs in many real situations (e.g. the hydrograph presented in Fig. 1(a) ) and leaves no doubt as to the independency of the seasonal peaks. However, the nature of the hydrological response in fixed seasons is more complicated.
Sometimes a large winter flood creates conditions favourable of causing a low retention capacity in the catchment (manifest in high groundwater levels and large baseflow) and the occurrence of large summer floods ( Fig. 1(b) ), indicating that the assumption of independence is not met. Perhaps the most common situation that would undermine the assumption of independence is the occurrence of the largest summer peak flow on the decreasing limb of the winter flood ( Fig. 1(c) ), which is frequently observed in Polish rivers.
It is obvious that the size of the summer floods and their peak flows depend not only on the state of water retention in a catchment, but the timing, size and distribution of summer precipitation. Note that the magnitudes of the seasonal maxima, even in the case illustrated in Figure 1 (a), can show statistical dependency because of specific precipitation patterns. Another possibility for dependency can be a positive trend in one or both seasonal series; this case will not be considered here. There is much evidence of causal dependency of winter and summer flood maxima; however, the question is whether they are reflected (and to what extent) in statistical measures of dependency. Our experience shows that all the reasons listed above may result in a rather weak positive relationship between winter and summer maxima.
In a "peakflow-flood volume" study, where the variables are obviously dependent, Salvadori and De Michele (2004) showed that the use of traditional univariate analysis may sometimes fail and yield an over/ underestimation of the risk associated with given events. Whether this is also the case when the relationship between the seasonal peaks is ignored is the question we attempt to answer in this study.
Dependency of seasonal maxima can be included in the statistical model of annual maxima by using bivariate distributions or by means of link functions -copulas. Bivariate distributions have been used for many years by hydrologists. The most commonly applied bivariate distributions are the bivariate normal distribution (Bergmann and Sackl 1989 , Goel et al. 1998 , and many others), the bivariate exponential distribution (Singh and Singh 1991) , the bivariate gamma distribution (Yue 2001 ) and the bivariate extreme value distribution , Shiau 2003 , Shiau et al. 2006 . However, the functionality of these multivariate distributions in the modelling of the dependence between the correlated random variables has some limitations: (1) the same family is needed for each marginal distribution, which means the individual behaviour of the two variables must be characterized by the same parametric family of univariate distributions; (2) extensions to more than the bivariate case cannot be derived easily; and (3) for some cases parameters of the marginal distributions are also used to model the dependence between the random variables. The first limitation can easily be overcome by a double transformation of the considered marginal random variables, first by transformation to a uniform distribution, then to the desired type of distribution with arbitrarily chosen parameters.
The best known and most commonly applied distribution is a multivariate normal distribution with marginal distributions transformed to the normal distribution (Strupczewski 1966 , Kaczmarek 1977 . This approach has been common practice in the statistical analysis of multivariate dependent variables and still remains an effective tool for considering dependency.
Developments in statistical hydrology have shown the great potential of copulas for the construction of bivariate or multivariate distribution functions (CDFs) and to perform multivariate frequency analysis (Genest and Favre 2007 , Salvadori et al. 2007 , 2011 , Vandenberghe et al. 2011 . Joint distribution can be written in terms of univariate marginal distribution functions and a copula that describes the dependence structure between the variables. Copulas are functions that combine several univariate uniform marginal cumulative distribution functions into their joint cumulative distribution function. As such, copulas describe the dependence structure between random variables and allow for the calculation of joint probabilities, and do not suffer from the limitations stated above (Aas et al. 2009 ). Such a construction method has been shown to have great potential for hydrological applications (see e.g. Yue and Rasmussen 2002 , Shiau 2003 , Salvadori and De Michele, 2004 , Salvadori et al. 2011 . For more theoretical details, we refer to Sklar (1959) and Nelsen (2006) . The main advantage provided to the hydrologist by this approach is that the selection of an appropriate model for the dependence between random variables, represented by the copula, can then proceed independently of the choice of the marginal variables distributions (Genestand, Favre, 2007) .
Seasonal flood frequency analysis was first introduced by Creager et al. (1951) , but little literature has addressed this approach compared to the estimation of annual maxima. Indeed, several studies have dealt with inter-annual flood assessment; however, in many cases the aim was to develop seasonal information for use in the estimation of annual peak flow. Stedinger et al. (1993) pointed out the advantages and drawbacks of applying seasonal flow data to estimate the annual peak flow distribution, but did not focus explicitly on flood estimation in joint probabilities of winter and summer peak flows. In the same way, Kochanek et al. (2012) and Strupczewski et al. (2012) studied the upper quantiles of annual peak flows by fitting data collected in two seasons.
The design quantiles of annual maximum river flow distributions are usually estimated directly from annual maxima. Thus, comparing the annual with the seasonal distributions we encountered the problem of cross-over in the probability plot: the annual distribution must always lie on or above the highest seasonal distribution (Waylen, and Woo 1982 , Durrans et al. 2003 , Baratti et al. 2012 , Prosdocimi et al. 2014 . For example, the probability of one peak value being exceeded in an entire year must be higher than the probability of the same value being exceeded in one season. The use of the product model (Equation (1)) for the annual maxima eliminates this problem and guarantees consistency between fitted annual and seasonal distributions; however, another possibility based on an objective function composed of weighted likelihoods of seasonal and annual distributions has been proposed (Baratti et al. 2012) .
To sum up, there is no literature explicitly focusing on upper quantiles estimation of annual peak flows using joint probability distributions of dependent maximum seasonal flow data via the concept of copula for the design of river engineering and flood mitigation procedures.
The main objective of this study is to determine how the dependency of seasonal maxima influences the design quantiles of annual maxima distributions when the strength of association is weak, which is typical of some Polish rivers. The simple solution to the problem results from the Fréchet-Hoeffding copula bounds, which were used to evaluate the theoretical differences between copula-based and product models. In the case study of the San River basin (southeastern Poland) numerical results are presented. Three copula functions commonly used in hydrology were chosen for comparison to show the differences in design quantile estimates. The resulting distributions were also compared with the product model (Equation (1)) to assess the impact on design quantiles when the dependency is ignored. The calculations were performed for six hydrological stations in the River San basin. For practical reasons, our research was limited to point estimates of design quantiles, and we do not enter into standard error assessment, whilst acknowledging the importance of the latter.
Since our article is addressed mainly to designers and practitioners, in Section 2 we briefly review the basic theoretical setting of copulas and present the Fréchet-Hoeffding copula bounds implications; in Section 3 the case study of the San basin is presented. The fourth section is dedicated to a comparison of univariate, product and copula-based annual maxima distributions and design quantile estimators with a discussion. The conclusions are presented in the last section (Section 5).
Copula theory and its implications
The theory of copulas has been described in numerous studies; for instance, Joe (1997) , Nelsen (2006) , Salvadori and De Michele (2004) and Salvadori et al. (2007) and many others. This section presents and retains only the basic principles and main concepts of copulas. A copula is a mathematical function that exactly describes and models the dependence structure between correlated variables, independently of their marginal distributions. Thus, using the concept of a copula, the joint cumulative distribution function (CDF) of winter (W) and summer (S) peak flow distributions, F W (x) and F S (y), can be defined as:
The function C is called a copula.
The marginals of a copula function are uniform distributions. However we apply the notion of marginal distribution to both the uniform margins of the copula and the distribution of marginal variables wherever this does not lead to confusion.
By assuming continuous marginal distributions with the probability density functions f W (x) and f S (y), the joint probability density function (PDF) in terms of a bivariate copula is given by:
where c is the density function of copula C defined as:
where
Since we are interested in the two-dimensional distribution of the upper quantiles we focus our attention on the relationship in the upper quadrant of the copula domain [0,1] 2 , and in particular the upper tail dependence. The Fréchet-Hoeffding copula bounds M L and M U (e.g. Joe 1997) in the bivariate case represent two copulas corresponding to perfect counter-monotonicity and co-monotonicity of the analysed variables:
The lower bound results from the general properties of a copula function:
Setting u 1 = u, u 2 = 1, v 1 = v, v 2 = 1, we have C(u,1) = u and C(1,v) = 1, and taking into account that C(u,v) ≥ 0 we have:
hence:
The upper bound implies, from the relations:
If we put the independence copula Π(u,v) = u•v (i.e. the product model) in the Fréchet-Hoeffding inequality (Equation (5)) one can easily see that any copula with positive dependency C + (u,v) and negative C − (u,v) fulfils the condition:
Note that one of the definitions of upper quadrant positive dependency (Joe 1997 ) is that:
So, in copula notation:
This inequality, translated into contour levels, is illustrated in Figure 2 , where the Frank copulas with positive and negative dependency are used. The image for copula upper level contours depends on the behaviour of a copula in the upper right tail, for which asymptotic measure is the upper tail dependency coefficient, λ U :
The closer to zero λ U is, the smaller is the difference between the copula and the product model contours when the rank of the upper quantile tends to 1.
The annual quantiles resulting from the copula and the product models should be found numerically by solving the following equations with regard to x, where p represents the rank of the quantile:
and
The graphical representation of both procedures is shown in the following scheme (Fig. 3 ). This scheme explains how the location of a positive dependency copula and product contours for the same probability level transform on annual quantiles (black and grey dots on x = y line) and, hence, that the product annual quantile is greater than the annual quantile obtained from a positive dependency copula. When the copula function is symmetric with regard to the main diagonal, the biggest difference between the product and the chosen copulas occurs when both seasonal distributions are the same.
However, the exact impact of a positive association of seasonal maxima on upper annual maxima quantiles in the seasonal approach depends strongly on the hydrological regime. For example, if the greatest floods in the annual maxima series are caused by snowmelt and the greatest rainfall floods are generally much lower, then even their strong dependency will not affect the resulting upper quantiles of the annual distribution as they will be very close to the dominant seasonal distribution (winter in this case). The same situation occurs when the distributions of seasonal maxima do not intersect in the whole domain of flood magnitudes, so one of the distributions is statistically much lower than the second. The distribution for S is lower than the distribution for W (S < W) if and only if F W (x) ≥ F S (x) for all x є R. The positive dependency concept is that both seasonal maxima random variables are more likely to be large together; but, in the context of the annual maxima estimation, not only the dependence but also the scale of these large values counts. In many cases the positive dependency will result in lower mean and variance and greater skewness of an annual maxima distribution relative to the annual distribution obtained under the assumption of independence. From this point of view, it is difficult to quantify the effects of dependency in a purely theoretical way.
The important steps in copula application are the selection of the appropriate copula in order to represent the dependency structure satisfactorily, the estimation of its parameter(s), and then assessment of the goodness of fit to the data. According to the analysis of the possible causes of winter and summer maxima dependence, the a priori best choice would be a copula that shows positive dependency in the upper tails of the distributions. There are many methods for parameter estimation, but the most popular are the inverted Kendall's tau method and maximum likelihood. The goodness of fit can be checked in a graphical way or by tests (the Cramér-von Mises, Anderson-Darling and Kolmogorov-Smirnov tests are applied most commonly). The best copula can be chosen on the basis of well-known information criteria such as AIC (Akaike information criterion) and BIC (Bayesian information criterion). The graphical tools used for visualizing the overall copula fit are the scatter plot and comparison of empirical and fitted Kendall (K) and lambda (λ) functions (Genest and Boies 2003) . For an Archimedean copula with generator φ, the Kendall distribution function is calculated as:
Archimedean copulas the λ-function has the explicit form in terms of the generator function φ of C θ :
ð Þ , where φ′ denotes the derivative of φ. For the bivariate Gaussian copula no closed form expression for the theoretical λ-function exists. Therefore it should be assessed on the basis of simulated samples.
The San River basin case study
The San basin is located in southeastern Poland and western Ukraine (Fig. 4) . The San River originates in the Carpathian Mountains near the village of Sianki, at an elevation of 925 m and flows into the Vistula River. The length of the river is about 460 km and the area of the basin is 16 861 km 2 (of which 86% is located in Poland and 14% in Ukraine). The main types of land cover are arable land (44.39%) and forests (43.42%). Two reservoirs, Lake Solina and Lake Myczkowce, are located on the upper San in the Bieszczady Mountains. In the basin the snowmelt, mixed (snowmelt contributed to by rainfall) and rainfall generate the annual floods (Dobrowolski et al. 2004) . The average annual precipitation in the basin ranges from about 1000 mm in the southern, mountainous part of the basin to about 650 mm in the lower part. The mean share of winter precipitation in the annual totals varies slightly in the catchment area and ranges from 35% in the mountainous part of the basin to 38% in the lowland. The totals of annual and seasonal precipitation decline almost latitudinally, following the general slope of the basin.
Assessment of dependence
Research carried out within the framework of the CHIHE (Climate Change Impact on Hydrological Extremes) project has shown that there exists a statistically significant dependence between winter and summer maximum flows. From all 20 hydrological stations analysed in the San River basin, four gauges exhibit significant dependence between winter and summer peak flows at 5% significance level (Fig. 4(a) ). Note that the stations are situated in the same, lowland part of the basin, which could indicate the greater role of catchment retention in flood formation processes.
Some information on the catchments in the lowland part of the San River basin is given in Table 1 .
The degree of dependence was quantified by the two well-known nonparametric measures of dependence, the Kendall and Spearman rank correlation coefficients and the classical Pearson coefficient (Table 2 ). Table 2 also shows the p-values of the association between winter and summer peak flows. An example scatter plot of the seasonal maxima at Sarzyna station is presented in Figure 5 . It should be noted that all the selected rivers are lower San River tributaries, so the impact of reservoirs in the upper San basin does not apply. Additionally the runoff generation processes in the analysed catchments are natural, or quasi-natural, i.e. the role of human pressures on the water cycle is negligible.
As stated above, the measures of correlation and rank correlation show a weak, although for four stations significant (at the significance level 0.05), dependency of winter and summer maxima.
Univariate analysis
The first step of bivariate analysis is to identify marginal seasonal distributions. In order to determine univariate parametric distribution functions as marginal distributions, the maximum likelihood (ML) method was used. For this purpose, eight theoretical candidate marginal distributions were fitted to the seasonal and annual maxima distributions. The two best distributions were chosen according to AIC. These two distributions are the three-parameter Pearson on the basin scale, and the three-parameter lognormal. The AIC values are presented in Table 3 . All further analysis was performed in two versions: (i) for the three-parameter Pearson distribution fitted to seasonal and annual maxima and (ii) for the three-parameter lognormal distribution fitted to seasonal and annual maxima. In Figure 6 an example of three-parameter Pearson distributions of winter and summer maxima is presented.
The choice of appropriate copula
The R-project software (R Core Team, 2016, https:// www.r-project.org/) enables us to work with many copula-candidate types and to perform goodness-of-fit diagnostics. In order to model the dependence between winter and summer peak flows, 19 bivariate copula families were considered. According to graphical diagnostics and information criteria of the models (AIC and BIC), the best three copula types, namely the Gumbel-Hougaard, Frank and Gaussian, were selected for the modelling of bivariate distributions of variables W and S. These three copulas represent different asymptotic behaviour in the tails. The GumbelHougaard copula has no dependency in the lower tail and a positive dependency in the upper. The Frank and Gaussian copulas have no dependency in either tail. The basic information on the chosen copulas is presented in Table 4 .
Fitting of the copulas
The copula parameters were estimated by means of inverted Kendall's tau and Spearman's rho methods, i.e. the inverted mathematical relationship between the copula parameter and the above association measures and the maximum likelihood (ML) method. The estimated parameters of copula functions and 95% confidence intervals (for ML method) for the selected stations are summarized in Table 5 . The confidence intervals were computed using the procedure described by Genest et al. (1995) . Figure 6 . Seasonal empirical and Pearson 3 CDFs at Sarzyna station.
Goodness of fit of copula models
Having several copula families, criteria are needed to select the copula best fitted to the observed data. Goodness-of-fit tests are widely discussed in the literature. For instance, Kojadinovic and Yan (2011) presented a comparison of the empirical copula with a parametric estimate of the copula derived under the null hypothesis. Testing the goodness of fit of copulas has been described by Karmakar and Simonovic (2009), Shiau et al. (2010) , Chowdhary et al. (2011) and Szolgay et al. (2015) . Among several methods available to select the appropriate model graphical diagnostics, the two well-known information criteria (AIC and BIC)), bootstrap methodology based on the Cramér-von Mises statistics (Sn) and other tests mentioned earlier, described in Genest and Favre (2007) and Genest and Rémillard (2008) , were used. None of considered copula families were rejected by the tests at 5% significance. The tests have rather low discrimination power in the case of short series, thus the probability of rejection is low, and a wide class of copula functions can be accepted. Hence, only graphical visualizations based on scatter plots and the Kendall distribution function and λ-function are presented (Figs. 7 and 8 ). Although the fit seems satisfactory, this result is weak due to the short observation series and low dependency measures. If we increased the number of copula families the image would be almost the same.
Results and discussion
The main aim of this study is to implement copula, univariate and product models to compare the resulting annual maxima distributions and to assess the impact on design quantiles when dependency is ignored. In this section the design quantiles of annual maxima for the selected gauges with design return periods of 100 years and 1000 years are calculated based on the three approaches.
Comparison of annual maxima distribution and design quantiles based on univariate, copula and product models
Empirical distributions of annual maxima with product distribution and annual maxima distribution with dependent seasonal maxima modelled by three copulas are presented in Figures 9 and 10 , respectively, for Pearson 3 and lognormal type 3 distributions as models for marginal distributions. Visual inspection of both figures leads to the conclusion that the overall conformity of all the models is satisfactory. The product distribution and distributions obtained by the application of copulas are close to each other and fit the observed annual maxima well over the whole range of peak flows.
To examine the behaviour of the upper tails in some detail, the annual maxima quantiles most frequently used in design procedures, i.e. the quantiles of ranks Table 4 . Three chosen copulas with their CDFs, parameter range, Kendall's tau and generators.
Copula
Bivariate copula C u; v; θ ð Þ Range of parameter Kendall's tau
are the CDFs of winter and summer peak flows; a = Φ −1 (u); b = Φ −1 (v) (Φ: CDF of the standard normal distribution); Table 5 . Estimated copula parameters with inverted Kendall's tau, inverted Spearman's rho and maximum likelihood estimation and corresponding 95% confidence interval for three copula families.
Gauge station
Archimedean copula families Elliptical copula family 0.99 and 0.999, were compared. The univariate, annual maxima quantiles were calculated directly from best fit distributions, i.e. three-parameter Pearson and lognormal distributions, while the quantiles of copula and product distributions were found numerically by solving Equations (7) and (8) Tables 6 and 7 , respectively. The summary given in Tables 6 and 7 shows that the estimated design quantiles (traditionally rounded to three significant digits) strongly depend on the assumed probability distribution and not on the dependency structure of seasonal maxima and thus the chosen type of copula. Due to a weak association between the seasonal maxima, Figure 7 . Scatter plot of 5000 random pairs (grey dots) simulations with the three selected copulas and observed seasonal peak flows (blue dots) at six gauging stations. The copula parameter θ was estimated by the method of inverted Kendall's tau (ITau).
weak discrimination power of the appropriate copula choice and short length of hydrological maxima series, the differences among the product model and copulabased distributions are not significant. They are also lower than the accuracy of the observed flow maxima resulting from measurement and data processing procedures. As was expected, the copula-based models give upper quantiles not greater than the values for the product model, so the product model can safely be used for positively dependent seasonal maxima, in this case provided the right choice of marginal distributions. However, the small or no overestimation of upper quantiles obtained from the product model with respect to copula-based quantiles is due to the weak strength of the association between seasonal maxima and the proportion of the biggest seasonal flood magnitudes. The greatest overestimation is obtained when the summer and winter maxima have the same distribution.
To facilitate comparison between the quantiles in Tables 6 and 7, the relative differences between design quantiles obtained from lognormal and three-parameter Pearson as seasonal distributions are shown in Table 8 . The best distribution functions for seasonal maxima selected by means of AIC and BIC represent two distributions of different tail weight. That is why the differences in upper quantile estimates of the lognormal and Pearson 3 distributions can be high. In the studied catchments, they reach up to 55% of the Pearson 99% quantile and 130% for the 99.9%-quantile, underlining the important role of the proper selection of the distribution for design and planning purposes.
A multimodel approach to design quantiles
Considering and discussing the problem of distribution selection and its consequences on design quantiles, which is well known and also accentuated in this study, we propose using the method that can alleviate the differences in quantiles resulting from different models, i.e. the multimodel approach. The method involves an aggregation of possible candidate models with weights calculated on the basis of their AIC values (Burnham and Anderson 2002 , Bogdanowicz 2010 , Markiewicz et al. 2015 . For each season the multimodel approach can be applied to find aggregated quantilesx p of considered marginal distributions quantilesx p i ð Þ in the form of weighted averages:
where w i are the weights defined as:
Þ; AIC i represents the Akaike criterion value for i-th model of a seasonal distribution.
The same procedure can be used for copulas if several families have been accepted. The copula multimodel approach is equivalent to the mixed copula approach, but their aims differ. In the multimodel approach we aim to Gorliczyna  15  44  67  21  66  22  67  21  67  21  Sarzyna  33  80  111  89  102  90  111  89  109  89  Osuchy  2  6  32  6  30  7  32  6  31  6  Harasiuki  12  29  18  25  15  25  18  25  18  25  Ruda Jastkowska  41  104  55  130  49  120  55  129  55  129 average different outcomes of fitted copulas, realizing that none of them is a true description of the dependence while the aim of mixed copulas is constructive. We try to build a simple yet flexible model to summarize the dependence structure of the data composed of copulas with known properties, e.g. different directions of association in the tails of the distributions or a mixture of Gumbel and survival Gumbel copulas allowing possible asymmetric tail dependence. Here each copula function controls the degree of dependence, while the weight parameters reflect the shape of the dependence. However, it is necessary to state that in the case considered here the marginal distributions are essential.
Conclusions
Copula-based annual maxima cumulative distribution functions were compared with the product and univariate CDFs. It is concluded that the two approaches represent the joint distribution properties of winter and summer flood peaks. However, the main source of uncertainty lies in the proper choice of seasonal maxima distributions, in particular for the dominant season, which is especially difficult in the case of short observation series, resulting in great differences in the design quantiles, as can be seen in the case study. The use of the multimodel approach is recommended for seasonal maxima distribution estimation.
In the bivariate dependence assessment presented in this study, the measures of association obtained from Kendall's tau (τ), Spearman's rho (ρ) and Pearson's correlation coefficients (r) are low. The differences in estimated design quantiles between the product model and the three copula-based models are negligible. Thus, one can conclude that, when the association is positive, the design upper quantiles estimated by the product model that is valid under the assumption of independence of seasonal maxima can be accepted in Polish and similar hydrological regime conditions whether this assumption holds or not, as it leads to greater (i.e. safe) or equal values of design quantiles. Note that this result holds for any copula with positive dependence (Equation (6)).
With increasing measures of positive dependence the corresponding copula-based annual maxima design quantiles remain lower than those obtained by means of the product model; thus the product model is applicable to design purposes, giving an overestimation with respect to the copula approach. The idea of reducing the overestimation may be tempting to practitioners because it can decrease, to some extent, the cost of structures subjected to high water. However, the uncertainty induced by the appropriate copula choice will make the estimates doubtful, and hence a traditional product approach is recommended even in the case of stronger seasonal dependency than that analysed in this study.
